Visible light emission has been obtained from Er-doped GaN thin films. The GaN was grown by molecular beam epitaxy on sapphire substrates using solid sources ͑for Ga, Al, and Er͒ and a plasma gas source for N 2 . Above GaN band-gap photoexcitation resulted in strong green emission. The emission spectrum consists of two narrow green lines at 537 and 558 nm and a broad peak at light blue wavelengths ͑480-510 nm͒. The narrow lines have been identified as Er transitions from the 2 H 11/2 and 4 S 3/2 levels to the 4 I 15/2 ground state. The intensity of the 558 nm emission decreases with increasing temperature, while the intensity of the 537 nm line actually peaks at ϳ300 K. This effect is explained based on the thermalization of electrons between the two closely spaced energy levels. © 1998 American Institute of Physics. ͓S0003-6951͑98͒03438-X͔ While great progress 1 is being made in enhancing the emission intensity of Er-doped Si, it still experiences significant loss in luminescence efficiency at room temperature compared to low temperature. This thermal quenching was shown 2 by Favennec et al. to decrease with the band-gap energy of the semiconductor. Examples of rare earth ͑RE͒-doped wide band-gap semiconductors ͑WBGSs͒ which have been reported include GaP, 3 SiC, 4 and III-V compounds.
Advantages of WBGS over other semiconductors and glasses also include chemical stability, carrier generation ͑to excite the RE͒, and physical stability over a wide temperature range. The III-N semiconducting compounds are of particular interest because of their direct band gap and high level of optical activity even under conditions of rather high defect density, which would quench emission in other smaller-gap III-V and wide-gap II-VI compounds. Laser diodes fabricated using GaN-based structures are rapidly reaching the commercialization stage.
The doping of III nitrides ͑GaN, AlN͒ with Er by molecular beam epitaxy ͑MBE͒ and metalorganic chemical vapor deposition ͑MOCVD͒ both during growth and post growth by ion implantation has been recently reported. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The successful in situ incorporation 12, 15, 16 of Er into AlN and GaN by MBE and its infrared ͑IR͒ emission characteristics have been reported. None of the papers in the literature report emission in the visible range from Er-doped III-nitrides.
We have grown Er-doped GaN films in a Riber MBE-32 system directly on c-axis sapphire substrates. Solid sources were employed to supply the Ga ͑7 N purity͒, Al ͑6 N͒, and Er ͑3 N͒ fluxes, while an SVTA Corp. rf plasma source was used to generate atomic nitrogen. The substrate was initially nitrided at 750°C for 30 min at 400 W rf power with a N 2 flow rate of 1.5 sccm, corresponding to a chamber pressure of mid-10 Ϫ5 Torr. An AlN buffer layer was grown at 550°C for 10 min with an Al beam pressure of 2.3ϫ10
Ϫ8 Torr ͑cell temperature of 970°C͒. Growth of the Er-doped GaN proceeded at 750°C for 3 h with a constant Ga beam pressure of
8.2ϫ10
Ϫ7 Torr ͑cell temperature of 922°C͒. The Er cell temperature was varied from 950 to 1100°C. The resulting GaN film thickness was nominally 2.4 m giving a growth rate of 0.8 m/h, as measured by scanning electron microscopy ͑SEM͒ and transmission optical spectroscopy.
Photoluminescence ͑PL͒ characterization was performed with two excitation sources: ͑a͒ above the GaN band gapHe-Cd laser at 325 nm ͑4-8 mW on the sample͒; ͑b͒ below the GaN band gap-Ar laser at 488 nm ͑25-30 mW͒. The PL signal was analyzed by a 0.3 m Acton Research spectrometer outfitted with a photomultiplier for ultraviolet ͑UV͒-visible wavelengths ͑350-600 nm͒ and an InGaAs detector for infrared ͑1.5 m͒ measurements. The PL signal of the Er-doped GaN samples was obtained over the 88-400 K temperature range.
Above band-gap excitation ͑He-Cd laser͒ resulted in light green emission from the Er-doped GaN films, visible with the naked eye. The room temperature PL at visible wavelengths is shown in Fig. 1 1100°C. Two major emission multiplets are observed in the green wavelength region with the strongest lines at 537 and 558 nm. A broad emission region is also present, peaking in the light blue at 480 nm. The yellow band typically observed at ϳ540-550 nm in GaN PL is absent. Interestingly, utilizing below band-gap excitation ͑Ar laser͒ we did not observe the green emission. While this letter is concerned with visible emission from GaN:Er, the near IR emission at 1.5 m is also of great practical importance. Both above band-gap and below-gap excitation resulted in near-IR emission.
The relationship between the excitation photon energy and the PL emitted photon energy can be more easily discussed by referring to Fig. 2 , where the Er inner shell transition energies up to the GaN band-gap energy ͑3.4 eV͒ are shown along with the pump laser photon energies. The transition energy ͑shown in parentheses͒ and approximate width of the Er levels are based on the emission spectrum of the free trivalent Er 3ϩ ion ͑see, for example, Dieke and Crosswhite 17 ͒. The green emission lines are produced by 2 H 11/2 and 4 S 3/2 transitions to the 4 I 15/2 ground state. The 1.5 m emission is generated by transitions from the 4 I 13/2 state to the same ground state. The energy values associated with these three transitions ͑shown in bold͒ are based on the PL emission spectra from our GaN:Er films. Photopumping with the 3.8 eV photons of the He-Cd laser produces strong promotion of electrons into the GaN conduction band because of the high absorption coefficient at above band-gap wavelengths. A certain fraction of these excited carriers lose their energy through radiative recombination accompanied by GaN band-edge emission. However, many excited electrons experience nonradiative phonon transitions until they reach the various inner shell energy levels of the Er atoms where they can transfer their energy. While many of the Er transitions are in principle parity forbidden, the Stark splitting of these levels, which occurs because of interaction with the host material, results in some of them becoming allowed transitions. In RE-doped glasses, many of these levels show radiative transitions. However, in RE-doped semiconductors only the transition from the lowest-lying excited state ͑the 4 I 13/2 level in the case of Er͒ has been generally reported. In our GaN:Er films we have observed for the first time strong emission from upper excited levels ( 2 H 11/2 and 4 S 3/2 ) when photopumping with the He-Cd laser. It is interesting to point out that photons from the 488 Ar laser line, which do not produce this visible green emission, have sufficient energy ͑ϳ2.54 eV͒ to be absorbed by these Er levels. Utilizing above GaN band-gap excitation is a more efficient process because of the combination of strong photogeneration of excited electrons and efficient energy transfer to Er ions.
The temperature dependence of the PL intensity of the 2 H 11/2 and 4 S 3/2 lines is shown in Fig. 3 for the GaN:Er film grown with an Er cell temperature of 1100°C. It is important to note that the intensity of the 4 S 3/2 line decreases monotonically with increasing temperature, while the 2 H 11/2 line has a maximum at around 300 K. The two curves actually cross at ϳ250 K, with the 2 H 11/2 line being consistently stronger than the 4 S 3/2 line at higher temperatures. The most likely explanation for the opposite temperature dependence between the two closely spaced electronic states is that electrons are thermally equilibrated between the two levels at temperatures below 300 K. Under thermalization conditions, as we decrease the temperature from 300 to 88 K, the PL intensity from the upper 2 H 11/2 level is reduced as it increasingly feeds electrons to the lower 4 S 3/2 level, whose intensity increases as we reduce the temperature. Above 300 K, the intensity of both levels decreases with increasing temperature, indicating that the supply of electrons to the 2 H 11/2 and 4 S 3/2 states is being reduced by other ͑nonradiative͒ transition paths.
The thermalization effect can be further discussed by considering the Arrhenius-type plot shown in Fig. 4 for the emission intensities from the 2 H 11/2 and 4 S 3/2 states, along with their ratio. The ratio of the emission intensities of the 2 H 11/2 and 4 S 3/2 states can be described ͑Yokokawa et al.
18
͒ by the following relation:
where I u and I l are the luminescence intensities of the upper and lower levels, E ul is their energy gap, A is a constant containing the degeneracies and spontaneous emission rates of the two levels, and k B is the Boltzmann constant. The E ul value calculated from these data is 101.5 meV. This is comparable to the value of 87.2 meV obtained from the energy difference between the two PL peaks. It is interesting to also compare our results to those obtained by Yokokawa et al. 18 for Er-doped ZBLAN ͑containing Zr, Ba, Al, and Na͒ fluoride glass. They reported a very similar thermalization effect between the 2 H 11/2 and 4 S 3/2 states with a value of E ul of ϳ110 meV and an energy difference between the two PL peaks of ϳ71 meV. We can conclude that, at least in this respect, the behavior of Er in GaN and in fluoride glass is substantially the same.
In summary, we have reported the optical characteristics of Er-doped GaN grown by solid source MBE on sapphire. We have observed for the first time visible emission from Er in GaN. The fortuitous temperature dependence of the 2 H 11/2 level, which peaks at room temperature, has significant implications for future device applications of GaN:Er.
